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Postcapillary endothelium at sites of inflamma tion, CNS vascular injury (Leung et aI. , 1991) , in fection (Sasseville et al. , 1992) , transplantation (Kotkee-Marchant et al. , in press) , and post cytokine therapy (Cotran et aI. , 1988 ) undergoes a number of changes collectively termed "activa tion" (Pober, 1988) . Activated endothelial cells (EC) are characterized by (a) increased surface ex pression of immunologically relevant proteins [class gamma increased immunologically reactive major histo compatibility complex class II antigens «300 to 2,398 ± 225 average fluorescence intensity), while tumor necrosis factor alpha induced an increase in vascular cell adhesion molecule-l (2,167 ± 17l) and E-selectin (l,628 ± 315). CNS EC appeared to respond similarly to cultured EC with the exception that E-selectin expression was not transiently expressed but was maintained by microvessel EC for 24 and 48 h. Cultured CNS microvessels provide a good system for studying EC activation. Key Words: Central nervous system-Endothelial cells-E-selectin Interferon gamma-Microvessels-Tumor necrosis fac tor-Vascular cell adhesion molecule-I. I and class II major histocompatibility complex (MHC) antigens (Ags), adhesion molecules], (b) in creased lymphocyte adherence, (c) a prominence of biosynthetic organelles, (d) increased transferrin re ceptors on CNS EC, and (e) expression of stress proteins. While the mechanisms and sequence of events governing EC activation are not well worked out, evidence points to a role for locally released cytokines (Pober et aI. , 1983) .
EC activation and its potential role in inflamma tion has been studied largely in human umbilical vein EC (HUVEC) culture systems (as reviewed by Pober, 1990) . Interferon gamma (IFN'Y) induces the surface expression of EC MHC class I and class II activation Ags and intercellular adhesion mole cule-I (ICAM-1) (Pober et aI. , 1983 (Pober et aI. , , 1986 Pober, 1988 Pober, , 1990 . Tumor necrosis factor alpha (TN Fa) and interleukin-l (IL-1) increase surface expression of vascular cell adhesion molecule-1 (V CAM -1), E-selectin, ICAM-1, and the 1AC3 Ag (Pober et aI. , 1986; Bevilacqua et aI. , 1987; Dustin and Springer, 1988; Thornhill and Haskard, 1990) . TNFa, how-ever, unlike IL-l , induces expression of MHC class lAg (Pober, 1988) . IL-4 increases the I.4C3 Ag but inhibits ICAM -1 constitutive expression (Wilder et aI. , 1991) . IL-4 exhibits synergy with TNF and IL-l on upregulation of I.4C3 but inhibits IL-l -or TNF induced induction of E-selectin (Wilder et aI. , 1991) . IFN-y synergizes with TNF but not IL-l in induction of MHC class I expression (Doukas and Pober, 1990) . EC are also activated following expo sure to products of lipid peroxidation, thrombin, lipopolysaccharide, phorbol myristate acetate (PMA) and histamine (Bergstein, 1990; Vercellotti et aI. , 1991; Wilder et aI. , 1991) and coculture with cytokine-producing leukocyte subsets (Pardi et aI. , 1987; Doukas and Pober, 1990) .
While considerable information has been gained from these studies, interpretation of the data must consider the clonal nature of HUVEC cells, dedif ferentiation, and the lack of input from potentially important microvascular pericytes and perivascular cells. Thus, we have devised methods by which we could examine CNS EC cytokine responses in an intact microvessel culture system that more closely resembles an in vivo multicellular environment. To do this, we have used techniques developed for the isolation of functionally and morphologically intact cerebral microvessels (Joo and Karnushina, 1973; Betz, 1983) . Upon isolation, these microvessels can be cultured in vitro. They are viable and respond to biological response modifiers. Expression of immu nologically relevant EC activation proteins can then be quantitated by laser cytometry.
Using these techniques, we have examined cyto kine-mediated activation of rat CNS microvessels. Activation was assessed by measurement of the ex pression of activation markers, MHC class II Ags, VCAM-l , and E-selectin. Nonstimulated microves sels do not express activation markers. IFN-y in duced expression of MHC class II Ag. TN Fa in duced expression of VCAM-l and E-selectin. Ex pression of E-selectin was found to persist for up to 48 h in the intact microvessei. The hypothesis that E-selectin is a rapidly activated, transitory activa tion Ag may be an artifact of cultured cells.
METHODS

Rats
Female Sprague-Dawley and Lewis rats were pur chased from Harlan Sprague-Dawley and used at 4-8 weeks of age.
Preparation of microvessels (Joo and Karnushina, 1973; Betz, 1983) CNS microvessels were prepared from fresh tissue re moved within minutes of the rats' decapitation. Tissue J Cereb Blood Flow Metab, Vol. 14, No. 5, 1994 was homogenized in 10 vol of Ringers solution with HEPES and 10% fetal bovine serum (adjusted to pH 7.4) using a sterile glass-Teflon homogenizer. After 20 up and-down strokes at 420 rpm, the homogenate was cen trifuged at 5,000 g for 10 min, and the pellet resuspended and filtered through a sterile nylon mesh (115 mm). The filtrate was then passed through a second mesh of 85 mm. Microvessels were collected on this 85-mm mesh, then washed from the mesh and resuspended in minimum essential medium (MEM) + 10% fetal calf serum (FCS) . Yields equal about 0. 2 fJ-g of microvessel proteinig of starting material as assessed by similar runs performed in the absence of FCS. Microvessels prepared in this manner produce prostaglandin I (PGI) (6-keto PGF1",; Fig. 1 ) and stain with antibody directed against factor VIII.
Purity of microvessels
Purity was determined by microscopic examination and by measurement of ,,{-glutamyltranspeptidase activity (Sigma Diagnostic Kit 545). Brain homogenates contained 4. 5 mU min -I mg-I protein, while microvessel prepara tions contained 1,725 ± 352 mU min-I mg-I protein.
Antibodies and staining of microvessels
Microvessels were allowed to dry on coverslips, then fixed with 3% paraformaldehyde and permeabilized with 0.01% saponin. Coverslips were washed in phosphate buffered saline (PBS) treated with 1% BSA and stained with monoclonal antibodies (described below) directed against EC activation markers and with control antibod ies at saturation density. Coverslips were incubated for 30 min room temperature, washed, then incubated with a second antibody. if appropriate. Antibodies directed against human VCAM-l (2G7) and directed against E-se lectin (7 A9) were kindly provided by Dr. Walter Newman (Graber et ai. , 1991) , Otsuka America Pharmaceuticals, Inc. (Rockville, MD, U. S.A.). These antibodies are likely to react with cross-reacting portions of rat molecules (Be dar-Andre et ai. , 1992; Newman, personal communica tion, 1994; Williams et ai. , 1992) . Antibody recognizing rat MHC class II Ag (common determinant) and antibody recognizing the rat transferrin receptor (tfR) were pur chased from Serotec (Oxford, England). Antibody di rected against rat IFN"{ was purchased from Amgen Bi ologicals (Thousand Oaks, CA, U. S.A.). Isotype control nonspecific antibody (MS IgG) was purchased from Coulter Immunology (Hialeah, FL, U. S.A.). Affinity purified F(Ab'h fragment goat anti-mouse IgG conju gated to red 613 or fluorescein isothiocyanate (FITC) was purchased from Cappel (Durham, NC, U. S.A.), and goat anti-human factor VIII (IgG) was purchased from Dako patts (Glostrup, Denmark) in either FITC-conjugated or unconjugated form. Antibodies were used at saturation density.
General reagents and cytokines
Rat IFN"{ was purchased from Amgen Biologicals. AI iquots were stored at 4°C, then diluted to the desired concentrations in sterile PBS, pH 7.2, just before use. TNFa was purchased from Collaborative Biomedical Products, Inc., (Bedford, MA, U.S.A.). DMEM was pur chased from GIBCO Life Technologies (Grand Island, NY, U. S.A.). 
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Analysis of relative fluorescence intensity (FI) by laser cytometry
Stained coverslips were inverted and mounted on stan dard glass slides, then analyzed on a Meridian ACAS 470 laser cytometer. An attenuated laser beam with the pho tomultiplier tube focused at about I fLm (set to read neg ative for isotype-similar control nonspecific antibody) ex cited the fluorochrome. The emission was recorded by a 16-bit microcomputer and converted to produce color im ages of FI and distribution. A minimum of 20-50 mi crovessels per slide from two or three slides per determi nation was analyzed. A minimum of three experiments was performed. Microscopic fields were randomly se lected over the entire coverslip area. Microvessels were not preselected by virtue of FI. Combined results are expressed as average FI. Transmission-light and fluores cence-light images were recorded using a lOOx oil objec tive.
Cytokine stimulation of rat microvessels
Freshly prepared rat CNS microvessels were cultured at 37°C in 5% CO2 in DMEM + 20% FCS for indicated periods of time. A sample of microvessels was mixed in nutrient broth for 24 to 48 h to test for sterility. Endotoxin contamination of reagents was screened using the Limu Ius amebocyte lysate assay (QCK-IOO; Associates of Cape Cod Inc., Woods Hole, MA, U. S.A.). Only endo toxin-negative reagents or microvessel samples were used. Varying concentrations (0-1,000 V/ml) of cytokine were incubated with microvessels for 18 h. Cytokine mediated changes in EC activation expression were as sayed using the laser cytometer.
Preparation of supernatants and extraction and analysis of eicosanoids
Ten thousand microvessel fragments were plated in mi crotiter wells (Costar, Cambridge, MA, U. S.A.) for 0.8.24 h at 37°C in 5% CO2 in DMEM + 5% FCS. Su pernatants were collected at appropriate times and ex tracted with 2 vol of ether/methanoIl0.5% citric acid (6:0.8:0.2). Samples were shaken, then spun at 2,000 rpm for 2 min. The top organic phase was removed and reex tracted. The organic phase was dried under N2 and redis solved in methanol, then separated by reverse-phase HPLC. The column used was a 3. 9 x 150-f-lm Nova-Pak C18 (Waters, Division of Millipore, Milford, U.S.A.). Analysis was performed using a Waters model 481 Lambda Max LC spectrophotometer and Chromatogra phy Workstation software for quantitation.
RESULTS
Rat CNS microvessels
Freshly isolated rat CNS microvessels prepared as indicated under Methods were viable for at least 72 h as indicated by their ability to synthesize ei cosanoids and inhibition of trypan blue uptake. The results in Fig. 1 show microvessel endogenous pro duction of eicosanoid products in the absence of stimulators. Release of eicosanoids increased over a 4S-h period (Fig. 2) . PG release began to subside after 72 h. By 4 days following incubation, some large fragments were found to take up try pan blue (data not shown). Smaller fragments were often still viable. Islands of cells were sometimes visible by 4 days and could have been the result of colonization from small micro vessel fragments during the culture period. However, these were so few that we do not feel that they altered the interpretation of data.
Use of CNS microvessels in analysis of EC
Ag expression
CNS microvessel fragments can be fixed, then stained with antibody conjugated with fluoro chrome. For example, our rat CNS microvessels stained with antibody directed against the tm (Fig.  3A) , and cytokine-treated microvessels stained with antibody directed against MHC class II antigen (Fig. 3B ). Microvessels were photographed as they appeared when examined on a Leitz fluorescent mi croscope. Stained microvessels can be analyzed in a semiquantitative manner using a laser cytometer. The relative FI is determined (see Methods), and the average FI calculated for all microvessels tested. A computer-generated image reflecting a color-indicated change in FI is shown in Fig. 4 . In Fig. 5 , antibody directed against the tm was titered J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 FIG. 3. Rat eNS untreated microvessels stained with antise rum directed against the tfR (A) and cytokine-treated mi crovessels stained for MHC class II antigen (8). Microvessels are shown as they appear under the Leitz fluorescent micro scope. While some microvessels constitutively expressed slightly higher levels of tfR, we chose a microvessel that more clearly shows what appear to be concentrations of tfR at pericytes (A).
to determine the saturation density. The dilution of antibody required to give the maximum FI corre sponded to manufacturers' determination of satura tion density on several cell types. These results in dicate that cultured microvessels stained and exam ined by laser cytometry provide a system for analysis of Ag modulation in a system more readily representative of intact endothelium.
IFN,),-mediated increase in MHC class II Ag expression: dose response and kinetics
The effect of IFNI' on the expression of rat CNS microvessel MHC class II Ag was examined in cul ture. Rat IFNI' was added to microvessels prepared from Sprague-Dawley rats at increasing concentra tions for IS h of incubation. The results in Fig. 6 show that IFNI' increased the expression of immu- noreactive MHC class II Ags in a dose-dependent fashion. The maximum increase in class II Ag ex pression was seen with 500 Vlml IFN-y for Sprague Dawley (2,469 ± 418) and 250 Vlml for Lewis (2,269 ± 221) rats. Concentrations between 250 and 500 Vlml were not tested. Thus, it is possible that the maximum dose was somewhere between these con centrations. Microvessel viability was not altered during this incubation period at any of the concen trations tested. Subsequent experiments were per formed using 500 V IFN-y/ml.
To examine the incubation kinetics required to observe an increase in immunologically reactive MHC class II Ags, freshly prepared microvessels were mixed with 500 Vlml IFN-y and incubated for varying periods of time. The results in Table 1 show that MHC class II Ag was increased significantly by 8-10 h. The addition of neutralizing concentrations of anti-rat IFN-y inhibited the cytokine-mediated in crease in MHC class II Ag (Table 1 ). If IFN-y was removed from the culture, upregulated MHC class II Ag began to fall after an additional incubiltiOn of 24-48 h without cytokine (data not shown). Subse quent experiments were performed using incuba tion times of 18-24 h for convenience. Microvessels incubated with IFN-y did not express VCAM-l or E-selectin. The average FI of nonactivated mi crovessels was below 200-400. Upregulation of im munoreactive class I Ag corresponded in dose de pendence to that of MHC class II Ags. No major differences were seen between Sprague-Dawley and Lewis rats (data not shown).
Effect of TNFa on microvessel expression of EC activation markers, E-selectin, and VCAM-l
The effects of the cytokine TNFa on the mi crovessel expression of E-selectin, VCAM-l , and class II MHC Ags were examined in culture. TNFa increased the expression of E-selectin and VCAM-l but had no effect on MHC class II Ags ( Table 2) . Upregulation of VCAM-l and E-selectin followed a dose-response curve as shown in a typical experi ment in Fig. 7 . Maximum increases in expression were seen with TNFa concentrations of 50-75 ng/ ml. The kinetics of expression of VCAM-l and E-selectin are shown in Fig. 8 . Both adhesion pro- teins were expressed at 3 h of incubation and max imum expression was seen at 8-10 h. No increase in MHC class II Ag expression was seen. VCAM-l expression (mean average FI ± SD = 2,251 ± 322) was greater than E-selectin expression (1,852 ± 306) in both strains of rat microvessels (data not shown). E-selectin and VCAM-l expression was maintained over the culture period. E-selectin ex pression was not transitory in this system.
DISCUSSION
The majority of studies examining the role of cy tokines in EC activation has been done on cultured EC of a non-CNS origin. CNS endothelium differs substantially from non-CNS endothelium, in partic ular, by its formation of a blood-brain barrier. In addition, cultured EC dedifferentiate. Cultured CNS EC lose barrier characteristics and the marker enzyme I'-glutamyltranspeptidase (DeBault and Cancilla, 1980) . Culturing techniques also result in the loss of vascular cells such as pericytes, which may have an important role in EC responses. Thus, we felt that it was important to develop a technique whereby EC activation and expression of immuno logically relevant Ag distribution could be investi- gated in a system that closely resembles the endo thelium. The development of techniques by which func tionally and morphologically intact cerebral mi crovessels can be isolated have enabled scientists to study the complex interrelationships of the intra parenchymal microvasculature of the brain. We have applied these techniques coupled with laser cytometry to examine cytokine-mediated activation of CNS EC. Freshly isolated CNS microvessels are metabolically viable for at least 72 h in our hands and do not take up any trypan blue until after 4 days. CNS microvessels are responsive to cyto kine-mediated modulation of EC activation Ag ex pression. Our results also show that laser cytometer can be used to determine, in a semiquantitative manner, relative FI. Thus, cytokine-mediated acti vation of EC adhesion protein expression can be examined in a system more closely resembling the in vivo multicellular environment.
In our hands, freshly isolated CNS microvessels did not express immunoreactive MHC class II Ag, showed little to no MHC class I expression (Sobel et aI. , 1984; McCarron et aI. , 1985; Traugott et aI. , 1985) , and did not express the adhesion proteins VCAM-1 and E-selectin. This is consistent with re ports generated from immunofluorescent staining of frozen sections. CNS microvessels were responsive to both IFNI' and TNFa in a dose-response man ner. IFNI' significantly increased MHC class I and II expression and had no effect on VCAM-l and E-selectin. TNFa significantly increased both VCAM-1 and E-selectin expression. The concentra tions required to induce EC activation markers were slightly higher in the case of IFNI' than found in previously published reports (Fleck et aI. , 1986) . However, this may be due simply to the increased number of cells present or other differences be tween intact microvessels and those in culture sys tems .
The removal of IFNI' resulted in a loss of MHC class II expression by 48 h. Experiments were not performed in which TN Fa was removed. E-selectin is normally increased significantly at 2-4 h and downregulated by 24 h (Bevilacqua et aI. , 1989) .
Our results contradict such studies and suggest that in the intact microvessel, E-selectin expression and staining persist for longer periods of time. Some what similar results were seen by Kotkee-Merchant and colleagues (1993, personal communication) in biopsy material taken from the intraventricular sep tum of the right ventricle in patients undergoing car diac transplantation. In an in vivo study, baboons injected intradermally expressed E-selectin by 2 h, but E-selectin was still present at 24 h (Munro et aI. , 1989) . It is also possible that our results are due to differences in the characteristics of CNS EC and EC of a non-CNS origin. Other microvascular cells may exert influences on the regulation of E-selectin expression.
Comparison between Sprague-Dawley and Lewis rats suggests that there is some strain varia tion in EC activation Ag expression. Lewis rat mi crovessels appeared to be slightly more responsive to IFN,),-mediated up regulation of MHC class II Ags. This is consistent with published reports of strain differences between experimental allergic en cephalomyelitis-resistant and -susceptible strains of mice. SJL mice are more sensitive to cytokine mediated up regulation of class II MHC Ag than Balb C mice or resistant Bl O.S mice (Jemison et ai. , 1991; Tilton, 1991; Welsh et al. , 1993) . Similar strain differences in EC responses are seen in hy pertensive rats (Doron et al. , 1992) . Hypersensitiv ity to EC activation may also be involved in sus ceptibility to human multiple sclerosis in individuals of certain MHC haplotypes, as well as other dis eases.
In summary, culture of morphologically and met abolically viable CNS microvessels is a useful sys tem in which to study the responses of microvascu lar cells to regulatory signals. Upon incubation with immunologically relevant cytokines, microvessels show evidence of activation as shown by positive staining for inducible EC adhesion proteins, VCAM-l , E-selectin, and MHC class I and II Ags. The finding that E-selectin expression was sus tained at 24 h following treatment suggests either that CNS EC are fundamentally different from non CNS EC or that multicellular systems react sub stantially differently than single-cell culture sys tems.
